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ABSTRACT
We investigate C IV broad absorption line (BAL) variability within a sample of
46 radio-loud quasars (RLQs), selected from SDSS/FIRST data to include both core-
dominated (39) and lobe-dominated (7) objects. The sample consists primarily of
high-ionization BAL quasars, and a substantial fraction have large BAL velocities or
equivalent widths; their radio luminosities and radio-loudness values span ∼2.5 orders
of magnitude. We have obtained 34 new Hobby-Eberly Telescope (HET) spectra of 28
BAL RLQs to compare to earlier SDSS data, and we also incorporate archival coverage
(primarily dual-epoch SDSS) for a total set of 78 pairs of equivalent width measure-
ments for 46 BAL RLQs, probing rest-frame timescales of ∼80–6000 d (median 500 d).
In general, only modest changes in the depths of segments of absorption troughs are
observed, akin to those seen in prior studies of BAL RQQs. Also similar to previous
findings for RQQs, the RLQs studied here are more likely to display BAL variability
on longer rest-frame timescales. However, typical values of |∆EW | and |∆EW |/〈EW 〉
are ∼40±20% lower for BAL RLQs when compared with those of a timescale-matched
sample of BAL RQQs. Optical continuum variability is of similar amplitude in BAL
RLQs and BAL RQQs; for both RLQs and RQQs, continuum variability tends to be
stronger on longer timescales. BAL variability in RLQs does not obviously depend
upon their radio luminosities or radio-loudness values, but we do find tentative evi-
dence for greater fractional BAL variability within lobe-dominated RLQs. Enhanced
BAL variability within more edge-on (lobe-dominated) RLQs supports some geomet-
rical dependence to the outflow structure.
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1 INTRODUCTION
Accretion in quasars appears to lead naturally to the for-
mation of outflows that may regulate supermassive black
hole growth and provide feedback to the host galaxy (e.g.,
Arav et al. 2013 and references therein), potentially helping
to quench star formation. In radio-quiet quasars (RQQs)
such outflows are most readily apparent as broad absorp-
tion lines (BALs; Weymann et al. 1981, 1991) found blue-
ward1 of UV emission lines; these features can occur at a
wide range of velocities (to greater than 0.1c) and are ob-
1 A rare handful of quasars display redshifted BALs, perhaps
from an infall or a rotating outflow (Hall et al. 2013).
served in 10–20% of optically selected quasars (e.g., Hewett
& Foltz 2003). The “orientation” model hypothesizes that
BALs are common to RQQs but only apparent over a limited
range of inclinations to the line of sight. (While successful at
explaining many observed properties of BAL and non-BAL
quasars, this simple model may not capture the full physical
complexity of outflow generation and structure.) The preva-
lence of velocity structure within C IV BALs that matches
the Lyα–N V velocity offset (Weymann et al. 1991; Arav &
Begelman 1994) indicates that these BAL outflows are radia-
tively accelerated, as does the correlation between maximum
outflow velocity and UV luminosity (Laor & Brandt 2002;
Ganguly et al. 2007). Simulations (e.g., Proga et al. 2000)
demonstrate that winds can be driven off a classical accre-
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tion disk, with interior “shielding gas” (Murray et al. 1995)
preventing overionization and likely accounting for X-ray
absorption in BAL QSOs (e.g., Gallagher et al. 2006; see
also Gibson et al. 2009a and Wu et al. 2010 for discussion
of mini-BALs). Observational evidence favoring the disk-
wind model includes the relatively high degree of polariza-
tion among BAL quasars in general and in BAL troughs in
particular (e.g., Ogle et al. 1999; Young et al. 2007; DiPom-
peo et al. 2011) and the similarity of the spectral energy
distributions of BAL and non-BAL quasars (e.g., Willott et
al. 2003; Gallagher et al. 2007; but see also DiPompeo et
al. 2013). On the other hand, BAL quasars have been ar-
gued to accrete at particularly high Eddington ratios (e.g.,
Ganguly et al. 2007), as inferred based on apparent [O III]
weakness (Yuan & Wills 2003). Quasars also possessing low-
ionization BALs (LoBALs, in contrast to the more com-
mon high-ionization only HiBALs) in particular tend to-
ward weak [O III] and seemingly lack [Ne V] (e.g., Zhang
et al. 2010). After accounting for intrinsic absorption, Luo
et al. (2013) estimate that 17–40% of BAL quasars are still
X-ray weak, and suggest that X-ray weak quasars may more
easily launch outflows (due to reduced overionization) with
potentially large covering factors.
An initial lack of detected BALs among radio-loud
quasars (RLQs) was interpreted to indicate that jets and
BALs were mutually exclusive (e.g., Stocke et al. 1992). This
paradigm was challenged by a series of discoveries of indi-
vidual BAL RLQs (e.g., Becker et al. 1997; Brotherton et
al. 1998; Wills et al. 1999; Gregg et al. 2000) and then un-
dermined by the identification of a population of BAL RLQs
(e.g., Becker et al. 2000, 2001; Menou et al. 2001; Shankar
et al. 2008), mostly detected in the VLA 1.4 GHz FIRST
survey (Becker et al. 1995) with systematic optical spectro-
scopic coverage obtained by the FIRST Bright Quasar Sur-
vey (FBQS; White et al. 2000) and the Sloan Digital Sky
Survey (SDSS; York et al. 2000). Several BAL RLQs display
radio spectral and/or morphological properties similar to
those of compact steep spectrum (CSS) or GHz-peaked spec-
trum (GPS) radio sources, which are commonly presumed
to be young (e.g., Stawarz et al. 2008), although in general
BAL RLQ radio morphologies do not require youth (Bruni
et al. 2013). Additionally, dust-reddened quasars (plausibly
newly active; Urrutia et al. 2008; Glikman et al. 2012) ap-
pear more likely to host low-ionization BALs (Urrutia et
al. 2009), suggesting that at least “LoBALs” may be linked
to source age rather than inclination. These observations, in
concert with the remaining scarcity of BALs within strongly
radio-loud and lobe-dominated objects, have revived alter-
native “evolutionary” models (Gregg et al. 2006) that as-
sociate BALs with emerging young quasars clearing their
kpc-scale environment through outflows spanning equatorial
through polar (e.g., Zhou et al. 2006) latitudes (though a
purely evolutionary model requires fine-tuning to match ob-
servations; Shankar et al. 2008). The reality may lie between
a stark orientation/evolution dichotomy, with some types
of quasars more able to host winds that themselves have a
range of covering factors (Richards et al. 2011; DiPompeo et
al. 2012, 2013). In any event, it is currently unclear whether
BALs in RLQs have a similar physical origin to those in
RQQs, or indeed whether BALs in RLQs are even a homo-
geneous class.
Variability studies provide one method of assessing BAL
structure, and they can potentially constrain the location
and dynamics of the UV absorber. In principle, BAL vari-
ability could be induced through an alteration in the ion-
ization parameter as a result of fluctuations in the inci-
dent flux (e.g., Trevese et al. 2013); the variability timescale
then constrains the absorber density (Netzer et al. 2002)
and/or distance (Narayanan et al. 2004). However, this is un-
likely to be the dominant mechanism for cases in which the
C IV variability is confined to a restricted velocity segment
within the full BAL absorption trough, which indeed con-
stitute the majority of observed variability behavior (e.g.,
Gibson et al. 2008; Capellupo et al. 2013; see also discus-
sion of saturated C IV outflows in the latter). Alternatively,
depth changes within BAL profiles may plausibly arise from
dynamical restructuring of the absorber along the line of
sight, with the variability timescale providing estimates of
crossing speeds and location (Risaliti et al. 2002; Capellupo
et al. 2013). Simulations suggest that although the shielding
component of the wind can be dynamic (Sim et al. 2012; see
also observational X-ray results from Saez et al. 2012), syn-
thesized absorption profiles are relatively constant at lower
velocities whereas variabilty becomes more pronounced at
higher velocities, which correspond to well-shielded mate-
rial streaming to larger distances (Proga et al. 2012). Such
disk azimuthal asymmetries can potentially link variability,
at differing amplitudes, across multiple velocity components
(Filiz Ak et al. 2012). In general, dynamical wind outflow
models can produce extremely complex behavior (e.g., Gius-
tini & Proga 2012).
Broad absorption line variability within radio-quiet
quasars has now been characterized through several studies,
many of which make use of SDSS data for one or more epochs
of coverage. BALs in RQQs often show minor depth changes
within narrow portions of troughs (Barlow 1993; Lundgren
et al. 2007; Gibson et al. 2008, 2010; Capellupo et al. 2011;
hereafter B93, L07, G10, and C11, respectively). Variabil-
ity is perhaps more common within shallower or higher-
velocity BALs (L07; C11) which are occasionally even ob-
served to disappear completely (Filiz Ak et al. 2012). BALs
of greater equivalent width (EW ) tend to show greater ab-
solute changes in EW , and BALs spanning a wider velocity
range tend to show variability within a larger absolute sub-
set of velocity bins (Gibson et al. 2008, their Figure 9 and
Equation 1, respectively). However, the absolute value of
the fractional change in EW is greater in BALs of lower
EW (L07), and similarly within a given velocity segment
shallower absorption increases the likelihood of variability
(C11). Acceleration of BALs is rarely observed (e.g., Hall et
al. 2007; Gibson et al. 2008). Changes in velocity width can
sometimes transition features out of (or into) formal BAL
classification (e.g., Rodr´ıguez Hidalgo et al. 2013; Misawa
et al. 2005; see also discussion in Gibson et al. 2009a), in-
dicative of a connection between narrow-absorption line or
mini-BAL troughs and the more extreme BALs. While BAL
variability is not necessarily monotonic, in general BALs in
RQQs tend to vary more often and more strongly on longer
timescales (Gibson et al. 2008; G10; C11), although variabil-
ity on only rest-frame ∼8–10 d has been seen (Capellupo et
al. 2013).
These results provide a baseline for RQQ BAL vari-
ability, but to date there has not been a systematic sur-
c© 0000 RAS, MNRAS 000, 000–000
BAL variability in RLQs 3
Figure 1. (a) Radio-loudness plotted versus C IV BAL EW.
The BAL RLQs studied here from HET/SDSS, SDSS/SDSS, and
other archival pairs of spectra are plotted as diamonds, triangles,
and squares, respectively. Lobe-dominated RLQs are marked with
double symbols. Additional BAL RLQs, identified from the G09
BAL catalog matched to FIRST data, are also shown (crosses).
The dashed/dotted lines show increasingly restrictive cuts in R∗.
(b) Distribution of C IV BAL EW for RQQs and groups of RLQs.
vey of BAL variability within RLQs2 and so no statistical
comparison has been possible. This work conducts such a
study through measurement of C IV absorption at multiple
epochs in a large sample of RLQs. We have obtained 34
new spectra for 28 BAL RLQs, primarily selected as such
from FIRST/SDSS data, with the Hobby-Eberly Telescope
(HET; Ramsey et al. 1998) Low-Resolution Spectrograph
(LRS; Hill et al. 1998). This sample was chosen to cover a
wide range in radio-loudness and luminosity and also BAL
velocity and equivalent width. BAL variability is assessed
through a comparison of the HET/LRS spectra to the earlier
SDSS spectra. We also incorporate BAL variability measure-
ments obtained for 18 additional RLQs with two (or more)
SDSS or archival spectra available. Together, the 46 RLQs
have 78 pairs of BAL equivalent width measurements, prob-
ing rest-frame timescales of ∼80–6000 d (median 800 d).
This paper is organized as follows: §2 describes the se-
lection and radio and BAL characteristics of the sample, §3
quantifies BAL variability, §4 compares to results for BAL
RQQs and investigates dependencies upon continuum vari-
ability and radio properties, and §5 summarizes and con-
cludes. We use positive values of equivalent width (given in
units of rest-frame A˚) to quantify BAL absorption strength,
and express changes in equivalent width such that a positive
difference corresponds to the BAL deepening between obser-
vations. A standard cosmology withH0 = 70 km s
−1 Mpc−1,
ΩM = 0.3, and ΩΛ = 0.7 is assumed throughout. Monochro-
matic luminosities are given in units of erg s−1 Hz−1 and
expressed as logarithms, with ℓr and ℓuv determined at rest-
frame 5 GHz and 2500 A˚, respectively. Unless otherwise
2 A preliminary sketch of some portions of this paper is given in
Miller et al. (2012). Filiz Ak et al. (2013) study BAL quasars in
SDSS and briefly compare RQQs to a small set of RLQs.
Figure 2. (a) Radio luminosity plotted versus C IV maximum
outflow velocity, with symbols as in Figure 1. Note that the max-
imum outflow velocity is restricted to 25000 km s−1 in G09. The
dashed/dotted lines show increasingly restrictive cuts in ℓr. (b)
Distribution of vmax for RQQs and for RLQs with cuts as above.
noted, errors are quoted at 1σ. Object names are given as
SDSS J2000 and taken from the DR7 Quasar Catalog of
Schneider et al. (2010; see also Schneider et al. 2005, 2007).
2 SAMPLE CHARACTERISTICS
General optical, radio, and (longest separation) absorption
properties of the 46 BAL RLQs studied here are listed in
Table 1. We restrict consideration of absorption variability
to the C IV line. The sample consists primarily of HiBALs;
only 5/46 RLQs are known LoBALs (although for RLQs
with z > 2.1 the Mg II line is redshifted out of SDSS cov-
erage). The objects consequently have redshifts 1.7 < z < 4
so as to be accessible to ground-based telescopes, except for
100726.10+124856.2 (PG 1004+130; z = 0.241) which has
IUE and HST coverage.
2.1 Sample selection
The 28 objects observed with the HET were identified
as BAL quasars in the SDSS DR3 catalog of Trump et
al. (2006) and the SDSS DR5 catalog of Gibson et al. (2009b;
hereafter G09). (The one exception to the HET target-
ing of SDSS quasars is 101614.26+520915.7, discovered and
described in Gregg et al. 2000, which we include to in-
crease the size of our subsample of lobe-dominated BAL
RLQs.) One of the 28 HET targets is listed in Trump et
al. (2006) but not also identified as a BAL quasar in Gibson
et al. (2009b): J074610.50+230710.7 has two deep adjacent
absorption troughs (in both C IV and Si IV), which if con-
sidered together reach BAL width (> 2000 km s−1). RLQs
(defined as in §2.2) were identified through cross-matching to
the FIRST survey catalog, with all radio components within
90′′ initially retained and then visually classified as either
lobes (e.g., an approximately symmetric pair about the op-
tical source) or else as background (e.g., with an SDSS coun-
terpart, or an unrelated intruding double). HET targets were
c© 0000 RAS, MNRAS 000, 000–000
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selected to have 1.7 < z < 4.0 to permit optical access to
the C IV region. The HET targets span a wide range in radio
and BAL properties, and as demonstrated in §2.2 our full
sample is representative of the parent population of BAL
RLQs with respect to BAL equivalent width or maximum
velocity, and with respect to radio luminosity or radio loud-
ness. For feasibility purposes brighter targets were preferred,
and as the redshift coverage is representative this results in
the SDSS/HET objects having somewhat greater optical lu-
minosities than the parent population of BAL RLQs.
An additional 18 BAL RLQs with multiple SDSS or
archival spectra are included in our full sample. Most of
these objects were identified as BAL RLQs through cross-
matching the G09 catalog with FIRST as for the HET sam-
ple. The separation between spectra was required to ex-
ceed rest-frame 15 d. The SDSS/SDSS objects are observed
on relatively short rest-frame timescales, similar to the 20–
120 d range probed by the multi-epoch SDSS study of BAL
RQQs conducted by Lundgren et al. (2007). A few of the
SDSS/HET objects also have multiple SDSS spectra, and we
also quantify their shorter timescale variability. A handful
of these additional BAL RLQs were selected from the liter-
ature (e.g., L07; G10; C11), including 100726.10+124856.2
(PG 1004+130), identified as a BAL RLQ and described
in Wills et al. (1999), for which we here add a previously
unpublished HST spectrum to archival IUE coverage.
2.2 Radio and optical properties
The radio and optical properties of the BAL RLQs stud-
ied here are given in Table 1. We use radio and optical/UV
monochromatic luminosities with units of erg s−1 Hz−1 at
rest-frame 5 GHz and 2500 A˚, and ℓr and ℓuv are expressed as
logarithms. Radio-loudness is taken to be the logarithmic ra-
tio of monochromatic luminosities measured at (rest-frame)
5 GHz and 2500 A˚ (e.g., Stocke et al. 1992; c.f. Kellerman et
al. 1998), so R∗ = ℓr−ℓuv. The optical/UV luminosity is cal-
culated at rest-frame 2500 A˚ using SDSS photometry [specif-
ically, the nearest one or two magnitudes to 2500(1 + z) A˚,
corrected for Galactic extinction] through comparison to
a redshifted composite quasar spectrum (Vanden Berk et
al. 2001) convolved with ugriz filters. The radio luminosity
is calculated at rest-frame 5 GHz using catalog FIRST peak
fluxes for the core, and integrated fluxes for the lobes, as-
suming typical radio spectral indices of α = −0.3/α = −0.9
for core/lobe components.
Figure 1 shows C IV EW versus R∗ for our sample in
the top panel, along with values for other BAL RLQs (also
identified through matching to FIRST data). A histogram of
EW values (from G09) for BAL RLQs and for BAL RQQs
is provided in the lower panel. As previously noted (see §1),
there is a paucity of objects that are simultaneously strongly
radio loud and heavily absorbed. However, our sample in-
cludes objects spanning the full range of R∗ and EW that
are typical of BAL RLQs, and its distribution is represen-
tative of that class.3 Figure 2 shows C IV vmax versus ℓr for
3 Kolmogorov-Smirnov (KS) tests comparing EW give probabil-
ity p = 0.17, indicating the distributions are not inconsistent;
similarly, for R∗ we find p = 0.19. BAL RLQs and BAL RQQs
have formally inconsistent distributions of EW (p = 0.006).
004323.43-001552.4 101614.26+520915.7 123954.15+373954.5
141151.97+550948.7
90"
133259.16+490946.9
E
N
144707.40+520340.1
Figure 3. FIRST 1.4 GHz radio maps of the lobe-dominated
BAL RLQs for which we obtained new HET spectra. The angu-
lar resolution is ≃5′′. The SDSS position of the quasar core is
marked with a cross. The flux density is plotted on a consistent
logarithmic scale.
our sample in the top panel, again with values for other BAL
RLQs, with a histogram of vmax provided in the lower panel
(from G09; note they truncate BALs beyond 25000 km s−1).
Here too our sample spans the full range of parameter space
and is representative of BAL RLQs in general.4
Radio maps of the six lobe-dominated BAL RLQs for
which we obtained new HET spectra are provided in Fig-
ure 3, from the 1.4 GHz FIRST survey, with the optical
SDSS position indicated with a red cross. The radio mor-
phology of PG 1004+130 is shown and discussed in Gopal-
Krishna & Wiita (2000) and Miller et al. (2006).
3 BAL VARIABILITY IN RLQS
Our measurements of C IV absorption equivalent widths
for each absorption trough, in each object, at each epoch,
are listed in Table 2. The associated variability measures
(change in equivalent width, ∆EW , and absolute fractional
change, |∆EW |/〈EW 〉, for each pair of spectra are given in
Table 3. Examples of data reduction and analysis are given
in Figures 4, 5, and 6; all spectra are provided in Appendix
A. Spectral variability in a few individual objects of interest
is highlighted in Figures 7, 8, and 9.
3.1 Observations and data reduction
The HET observations were obtained in queue-scheduled
mode in 2007–2008 and 2011 (see Table 2). The LRS was
used for the spectroscopic observations, in almost all cases
with the g2 grating and typically with a 1.5′′ slit. This
configuration provides a spectral resolution of R ≃870 (or
∼340 km s−1 at observed 5500A˚), which is sufficiently closely
matched to that of SDSS (typical resolution R ≃1800, or
170 km s−1) to permit effective evaluation of BAL vari-
ability. The HET data were reduced in standard fashion
4 KS tests comparing vmax give probability p = 0.44, indicating
the distributions are not inconsistent; similarly, for ℓr we find
p = 0.16 when restricting to ℓr > 32.
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using the Image Reduction and Analysis Facility (IRAF5).
In brief, we generated and subtracted a master bias, us-
ing a 30×800 overscan stripe to account for time-dependent
changes; created a normalized master flat from internal lamp
frames, and divided this into the object frames to remove
pixel-to-pixel sensitivity variation; subtracted the sky back-
ground using apertures of 100 pixel width offset by 50 pixels
from the object (shifted if necessary to avoid background
objects); manually identified and interpolated over cosmic
rays; traced the aperture and extracted a one-dimensional
spectrum; applied wavelength calibration based on ThAr
comparison spectra; shifted wavelengths to the heliocentric
frame; applied relative flux-calibration based on a standard
star (absolute flux calibration is not required, as we use nor-
malized spectra — this step is primarily useful to remove the
blaze function).
The SDSS spectra were downloaded6 and wavelengths
were converted to air values for direct comparison to our
HET spectra. For both HET and SDSS or other archival
data, we modeled the continuum with a low-order (second
or third) Chebyshev polynomial, masking the Lα and N V,
Si IV, and C IV emission line regions as well as any obvious
BAL absorption, and additionally imposing strict multi-pass
σ rejection criteria to bypass less prominent lines or weak
BALs. The resulting best-fit continuum polynomial was then
divided out to normalize the spectra near the C IV region.
This implicitly dereddens the spectra. Typically the same
polynomial constraints (wavelength ranges for fitting, poly-
nomial order) were used to normalize all spectra for a given
object.
3.2 Measurement of absorption properties
Wavelengths are converted to the rest-frame of the quasar
using the improved redshifts calculated from SDSS spec-
tra by Hewett & Wild (2010) where available, or else
from other sources including the NASA/IPAC Extragalac-
tic Database.7 We restrict our focus to BAL variability, and
so any emission-line variability or remaining residual con-
tinuum variability is modeled out. We fit a Voigt profile to
the C IV emission line in each spectrum (including a linear
residual continuum term), choosing this model for conve-
nience in matching observations but ascribing no particular
physical significance to the functional form (see also, e.g.,
G10). The emission-line parameters are calculated for the
highest signal-to-noise observation and then applied to the
other observations; for a few cases in which the emission
profile has obviously varied, the lower signal-to-noise ob-
servations are fit independently. The continuum placement
and slope is always permitted to vary. In cases for which the
BAL absorption extends within the emission-line region, it
often proved necessary to adjust manually the fit param-
eters to obtain a satisfactory model. Similar fitting to an
empirical RLQ spectral template from Kimball et al. (2011)
provided the initial parameters for the C IV emission line
profile, and was adhered to as closely as possible where ab-
sorption prevented automated fitting. To simplify analysis
5 http://iraf.noao.edu/iraf/web/
6 http://www.sdss.org
7 http://ned.ipac.caltech.edu/
Figure 4. Illustration of measurement of BAL properties. The
C IV emission line is modeled with a Voigt profile (dashed lines,
top two panels) and divided out, then the equivalent width is
calculated within the BAL region (vertical dotted lines). In this
case the BAL varied significantly at 1476–1482 A˚ (bottom panel)
between the two observations. Variability in the bottom panel
is plotted in units of σ (dotted cyan line) as the difference be-
tween the normalized spectra divided by the typical uncertainty
(as measured empirically in a non-varying flat region of the con-
tinuum), then smoothed (solid blue line) prior to checking for any
> 2σ changes (solid red line overplotted, where present).
of the absorption properties, the C IV emission-line model
is then divided out, and BAL properties are measured from
the resulting ratio spectrum.
The edges of a BAL are here defined to be the wave-
lengths at which the BAL intersects 90% of the normal-
ized continuum, following Weymann et al. (1991). An ex-
ample is show in Figure 4. The only exception occurs for
J123411.74+615832.5, for which the HET spectrum does not
fully cover the BAL; here the maximum considered veloc-
ity is fixed to the limit of high S/N HET coverage. BALs
are required to have velocity widths >∼ 2000 km s
−1, but
are allowed to be present at velocities ranging from zero
(or even slightly redshifted) to 30000 km s−1, beyond the
classical 3000 to 25000 km s−1 boundaries often imposed
(e.g., Weymann et al. 1991; G09). The equivalent width of
each C IV BAL is then calculated as a sum over all pix-
els within the BAL region (recall all artifacts have been
removed). The error on the equivalent width is calculated
including contributions from three sources: fitting error in
the continuum placement, statistical noise in the spectrum
(which may be higher within the BAL region), and mea-
surement uncertainty in the BAL edge determination. The
first term is estimated as the standard deviation of the data
within a flat 50 A˚ region, and is applied pixel-by-pixel. The
next term is estimated as the deviation from a smoothed
c© 0000 RAS, MNRAS 000, 000–000
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Figure 5. Our equivalent width measurements for BAL RLQs
compared with those determined by G09 for the same SDSS
quasars. There is close agreement; the mean difference is 0.12 A˚.
The open diamonds mark objects for which the full BAL extends
beyond the 25000 km s−1 boundary considered in G09. Typical
1σ statistical errors on the G09 measurements are ±1 A˚.
spectrum at each point; it is added in quadrature to the
first term. The final term is estimated by recalculating the
equivalent width using BAL edges shifted by ±0.5 A˚; the
absolute value of the difference is added in quadrature to
the sum of the first and second terms. Our equivalent width
measurements agree well with those conducted by Gibson
et al. (2009b) for the SDSS quasars (at a given epoch) in
common (Figure 5). After removing two objects with BALs
extending beyond the 25000 km s−1 boundary considered by
Gibson et al. (2009b), the mean difference is only 0.12A˚. The
largest remaining outlier is an object for which G09 exclude
a low-velocity component which our continuum/emission fit
includes in the primary BAL.
The time interval between spectra in the quasar rest
frame is determined as τ = (MJDnew −MJDold)/(1 + z),
where the modified Julian dates correspond to the midpoints
of the respective observations. The average equivalent width
for a given object is simply 〈EW 〉 = 0.5(EWnew + EWold),
and the change in equivalent width is ∆EW = EWnew −
EWold, so that a positive value of ∆EW signifies an in-
crease in EW (e.g., a BAL becoming deeper). The absolute
fractional change in equivalent width is |∆EW |/〈EW 〉.
Potential velocity shifts within the BAL structure were
assessed through shifting one spectrum relative to the other
and minimizing the squared residual (Hall et al. 2007). An
example is shown in Figure 6. No significant examples of
bulk velocity shifts in BAL features were found, with limits
typically around <∼ 100 km s
−1. For the longest rest-frame
timescales within our sample of ∼1000 d, this limits average
acceleration to <∼ 0.1 cm s
−2.
Figure 6. Illustration of assessment of velocity shifts between
epochs. One spectrum is shifted relative to the other to identify
the optimal wavelength offset (lowest squared residual; bottom);
in this case, the 99% confidence region includes zero (top). Sim-
ulations confirm that the errors are consistent (middle).
3.3 Notes on individual objects
Here we describe individual objects of interest within our
sample of BAL RLQs. For additional notes on some objects,
see also §3.3 of Miller et al. (2009).
Known LoBAL quasars: Four of these BAL RLQs have
absorption at ions other than C IV or Si IV in the SDSS cata-
log of G09: J083925.61+045420.2 and J132139.86−004151.9
have Al III absorption and lack SDSS Mg II coverage, while
J094513.89+505521.8 and J123954.15+373954.5 have both
AlIII and Mg II absorption. J141546.24+112943.4 is in
DR6+ but not DR5 so it is not included in G09, but inspec-
tion of the SDSS spectrum shows Al III absorption, previ-
ously identified as broad by Hazard et al. (1984). Note that
for the BAL RLQs with z > 2.1 the Mg II line is redshifted
beyond SDSS coverage.
Mini-BAL absorption: In addition to its high-velocity
BAL, J162453.47+375806.6 also has lower-velocity absorp-
tion described by Benn et al. (2005) as a mini-BAL. Some
of the narrower BALs studied here are elsewhere (e.g., Ro-
driguez Hidalgo et al. 2012) considered as mini-BALs, in-
cluding J115944.82+011206.9.
Lobe-dominated RLQs: Seven of the BAL RLQs stud-
ied here have radio emission dominated by bright radio
lobes (Figure 3). J004323.43−001552.4 (Gregg et al. 2006;
Brotherton et al. 2006, 2011), J133259.16+490946.9, and
J144707.40+520340.1 (Gregg et al. 2006) are all included
in the catalog of SDSS FR II quasars of de Vries et
al. (2006), while J100726.10+124856.2 (Wills et al. 1999)
and J101614.26+520915.7 (Gregg et al. 2000) were among
the first-identified BAL RLQs. J123954.15+373954.5 and
J141151.97+550948.7 are also lobe-dominated. These ob-
jects are presumably viewed at relatively large inclinations
(e.g., Wills & Brotherton 1995).
c© 0000 RAS, MNRAS 000, 000–000
BAL variability in RLQs 7
Figure 7. PG 1004+130 BAL absorption variability. Top, up-
per: observed C IV spectrum with continuum and emission line
model shown. Top, lower: normalized spectrum boxcar smoothed
by 5 pixels (6.8 A˚). Note the increase and subsequent decrease in
absorption depth within a segment of the high-velocity outflow
component over 16.9 rest-frame years. Bottom: O VI low-velocity
absorption with COS (cyan) and GHRS (red); when the COS res-
olution is degraded (blue) with a Gaussian kernal to match the
GHRS spectrum, only slight changes in the depths of the troughs
are found, in contrast to the dramatic C IV variability.
Small-scale structure: Several of the core-dominated
RLQs display one-sided jet emission on mas scales, in-
cluding J115944.82+011206.9 (here a short counterjet fea-
ture is also present near the core; Montenegro-Montes
et al. 2009), J141334.38+421201.7 (Liu et al. 2008),
and J162453.47+375806.6 (Benn et al. 2005, Montenegro-
Montes et al. 2009).
Flat radio spectrum: Several RLQs have 5 GHz
Green Bank data (or low-frequency observations) that
suggest they have flat (α>∼ − 0.3) radio spectra, in-
cluding J074610.50+230710.7, J085641.56+424253.9,
J105416.51+512326.0, J133701.39−024630.2, and
J141334.38+421201.7. A flat radio spectrum in a core-
dominated RLQ indicates a relatively low inclination. The
radio spectrum of J115944.82+011206.9 is double-peaked
(Montenegro-Montes et al. 2009) so this may be a younger
source.
J100726.10+124856.2 : This low-redshift lobe-
dominated BAL RLQ (PG 1004+130, z = 0.241,
Figure 8. J141546.24+112943.4 spectra from SDSS, MDM, and
HET, showing a strong decrease in absorption strength followed
by a partial recovery toward increased absorption. See also C11.
MB = −25.6; Wills et al. 1999; Brandt et al. 2000)
is known to show variable X-ray absorption (Miller et
al. 2006). Here we show that it also possesses strongly
variable C IV absorption (Figure 7), for example with the
primary BAL greatly diminishing in depth from the Jan-
uary 1986 IUE observation to the March 2003 HST/STIS
spectrum (∼14 rest-frame years). PG 1004+130 displays
the greatest absolute and fractional equivalent-width
variations in our survey of BAL RLQs. The lower-velocity
absorption is also seen at higher ionizations, including
O VI. A comparison of the O VI absorption from recent
FUV COS/G130M observations with a GHRS spectrum
from 1996 shows perhaps a slight increase in the depths
of the troughs (Figure 7), but this modest variability is of
substantially lower amplitude than is seen in the primary
C IV BAL at higher velocities. The slower interior flow
is more exposed to direct high-energy radiation8 and is
consequently more highly ionized; the O VI doublets are
optically thick and partially covering (Wills et al. 1999).
141546.24+112943.4 : This is the extensively studied
“cloverleaf” quasar H1413+117, a gravitationally lensed ob-
ject that is split into 4 images separated by ∼1′′. The A im-
age shows enhanced X-ray emission, suggestive of microlens-
ing (Chartas et al. 2004), and based on CO emission the
quasar is surrounded by a rotating molecular disk (Venturini
8 In BAL RLQs, this may include a small-scale jet contribution
(e.g., Miller et al. 2009).
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Figure 9. SDSS, HET, and MDM spectra of the BAL RLQ J160943.35+522550.8 (top), with details of the C IV, Si IV, and N V absorption
regions (bottom). The BALs in the HET spectrum (black) extend to slightly greater velocities than in the earlier SDSS spectrum (blue),
but align with the later MDM spectrum (red). This illustates that an apparent acceleration between two epochs might instead result
from a change in depth within a high-velocity segment, here identifiable in the third epoch data.
& Solomon 2003). This modestly radio-loud (R∗ = 1.09)
quasar displays variability within the higher-velocity half of
the primary BAL while the lower-velocity segment remains
constant. Between the SDSS and subsequent MDM spectra
(MDM data from C11, see that work for details), the absorp-
tion decreases in strength, but by the latest HET spectrum
the absorption is again increasing in strength (Figure 8). As
noted above, this is one of the few known LoBALs in our
sample.
J160943.35+522550.8 : This object showed an appar-
ent increase in the maximum velocity of the BAL outflow
between the SDSS and HET observations. While the red
edge remained fixed, the blue edge extends to shorter wave-
lengths in the later HET data, in not only C IV but also
Si IV and N V (Figure 9). Systematic changes in the velocity
structure of a BAL are unusual, for either BAL RQQs or
BAL RLQs (e.g., Hall et al. 2007; Gibson et al. 2008). We
obtained a new MDM spectrum to check whether a high-
velocity component had accelerated between epochs, leaving
the main absorption trough unchanged due to the putative
presence of additional absorbers partially overlapping in ve-
locity space and together fully covering the continuum. The
MDM observations were carried out using the 2.4m Hiltner
telescope with the Ohio State Multi-Object Spectrograph
(VPH grism, center 1.2′′ slit). The MDM spectrum aligns
with the HET spectrum (Figure 9), arguing against acceler-
ation and suggesting instead that a high-velocity component
was always present but increased in strength (e.g., through
a highly ionized clump cooling to a greater C IV opacity),
or that a high-velocity cloud transversely entered the line of
sight. This illustrates the importance of obtaining a third
epoch spectrum to check cases of potential acceleration.
4 ANALYSIS AND DISCUSSION
Below, we investigate the distributions of absolute change in
equivalent width |∆EW | and absolute fractional change in
equivalent width |∆EW |/〈EW 〉 as a function of rest-frame
interval between spectral observations (∆τ ; Figure 10) and
of average BAL equivalent width (〈EW 〉; Figure 11). Vari-
ability is also assessed with respect to velocity width (Fig-
ure 12), and comparisons are made to BAL variability pat-
terns within RQQs. Optical continuum variability is assessed
and quantified for BAL RLQs (Figure 13) and BAL RQQs
(Appendix B, Figures 1 and 2) and compared across classes
(Figures 14 and 15). For RLQs, the impact of radio loudness
or luminosity (R∗ or ℓr) upon BAL variability is investigated
(Figure 16). The longest-separation total BAL absorption
properties for BAL RLQs and for the comparison sample of
BAL RQQs are given in Tables 1 and 4, respectively.
For a portion of the analysis it is convenient to distin-
guish between subsamples of BAL RLQs grouped by radio
properties. RLQs are separated into core-dominated or lobe-
dominated, low or high radio luminosity (at ℓr = 33), and
low or high radio loudness (at R∗ = 2). Note that while
the archival coverage of PG 1004+130 (lobe-dominated, low
radio luminosity, high radio loudness) extends to longer
timescales than are typical within our sample, for this ob-
ject the variability over ∼1000 d is actually larger than for
the longest separation ∼6000 d measurement used.
Median and mean properties, along with Kolmogorov-
Smirnov (KS) test probabilities for selected comparisons, are
provided in Table 5. Correlation likelihoods (non-parametric
Kendall τ and Spearman ρ) and coefficients along with best-
fit linear regression slopes and errors (calculated using the
IDL robust linefit routine) for each tested relationship are
listed in Table 6.
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Figure 10. Change in BAL equivalent width and absolute fractional change in BAL equivalent width versus interval between spec-
troscopic observations for RQQs (diamonds) and RLQs (circles). RQQ subsamples plotted in green/blue/red/orange/purple are from
L07/B93/G09/C11/G10, respectively, and open symbols have EW < 3.5 A˚. For objects with multiple pairs the shorter-separation
measurements are plotted using smaller markers. The dashed and solid lines show linear fits to RQQs and RLQs; the dotted line is zero.
4.1 Comparison to BAL RQQs
To avoid potential biases arising from repeated sampling of
particular objects (recall we have 78 pairs of spectra of 46
BAL RLQs), the longest-separation measurement of vari-
ability available for each of the 46 BAL RLQs is used for
all statistical comparisons to RQQs. We constructed a com-
parison sample of BAL RQQs from previous studies of BAL
variability (B93, L07, G09, G10, and C11), for verified radio-
quiet9 quasars; recall from §2.1 that the handful of RLQs
covered in these studies are included in our radio-loud sam-
ple. In particular, we use 25 pairs of spectra from dual-epoch
9 We checked radio-loudness against FIRST data where possi-
ble, otherwise against the NASA/IPAC Extragalactic Database
(NED; http://ned.ipac.caltech.edu/); note that the RQQs
LBQS 0055+0025 and [HB89] 2225−055 are near unassociated
radio sources.
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Figure 11. Change in BAL equivalent width versus average BAL equivalent width for RQQs (diamonds) and RLQs (circles). Symbols
as in Figure 10. There is a tendency (>∼ 95% confidence) toward greater |∆EW | within stronger BALs, for both RLQs and RQQs.
SDSS measurements from L07 and another 28 from G09 (re-
quiring ∆τ > 150 d, hence distinct from L07); 16 pairs of
spectra from dual-epoch Lick measurements from B93 (some
additional measurements from this reference are superceded
by C11); 21 pairs of spectra from Lick/SDSS/HET spectra
from G10; and 25 pairs of spectra from Lick/SDSS/MDM
spectra from C11. Together, these studies cover short (20–
120 d; L07), short/intermediate (80–400 d; B93), interme-
diate (130–600 d; G09), intermediate/long (100-200 d and
1300–3000 d; C11), and long (1300–2500 d; G10) timescales.
The combined sample of RQQs then includes 115 pairs
of BAL absorption measuments. From these, we construct
a longest-separation sample with a single measurement of
BAL variability for each of the 94 unique BAL RQQs.
Four RLQs and six RQQs have small absorption equiv-
alent widths 〈EW 〉 < 3.5 A˚ which are not typical of
BALs; following Gibson et al. (2008), we compare RQQs
and RLQs after removal of these objects. The resulting fil-
tered longest-separation samples of 42 RLQs and 88 RQQs
with 〈EW 〉 ≥ 3.5 A˚ span similar ranges in redshift and lumi-
nosity, but have inconsistent distributions (KS test p < 0.03
of being drawn from the same underlying population) of
both ∆τ and 〈EW 〉, in the sense that these RQQs cover
longer timescales and have larger BAL equivalent widths.
c© 0000 RAS, MNRAS 000, 000–000
BAL variability in RLQs 11
We constructed a matched group of 42 RQQs through se-
lecting objects with ∆τ and 〈EW 〉 values similar to those
of the filtered RLQs, without consideration of any variabil-
ity properties (the KS probabilities for the matched RQQ
sample are now p = 0.26 and p = 0.56 for ∆τ and 〈EW 〉,
respectively). The filtered samples of 42 RLQs and 88 RQQs
were also divided into groups of short and long timescale (at
∆τ = 500 d, which is approximately the median timescale
for both samples) and moderate and large average equiva-
lent width (at 〈EW 〉 = 20 A˚, which is approximately the
median equivalent width for the BAL RQQs).
In general, BAL variability within RLQs appears similar
to that within RQQs. Qualitatively, variability within RLQs,
when observable, typically consists of a modest change in the
absorption depth, often within a discrete section of the full
trough (Figures 4, 7, 8, and Appendix A). Velocity shifts
in the structure of BALs appear to be rare (one candidate
from our 46 BAL RLQs; Figure 9). These are similar to es-
tablished tendencies within BAL RQQs (§1). Quantitatively,
prior to filtering or matching, the absolute change in EW or
fractional variability is lower within RLQs (e.g., the mean
|∆EW |/〈EW 〉 is 0.12±0.02 for RLQs versus 0.24±0.03 for
RQQs). After filtering out objects with 〈EW 〉 < 3.5 A˚, the
fractional variability in RLQs is still smaller (0.10±0.02 ver-
sus 0.19±0.02), and this difference persists in the matched
RQQs (0.17±0.03; this is a ∼2σ difference); the KS test
probability of p = 0.01 is likewise marginally inconsistent
with RLQs and matched RQQs possessing similar BAL vari-
ability. The percentage of RLQs displaying significant BAL
variability is 21%±7% (Poisson errors; Table 3 and Ap-
pendix A), lower than is typical for BAL RQQs on similar
timescales (e.g., C11).
It is possible that this comparison could be influenced
by systematic differences in how BAL variability is measured
across different studies; for example, our approach of locking
continuum and emission line fit parameters as well as BAL
edges between epochs wherever possible may produce lower
changes in EW than would result from completely indepen-
dent fitting and measurement at each epoch. An additional
point of concern is that our identification of variability is
sensitive to noise. There is an apparent anti-correlation be-
tween BAL variability and optical magnitude (at ∼ 2σ sig-
nificance) for the combined RLQ and RQQ sample. However,
the optical magnitudes of the RLQs are similar to those of
the matched RQQs (KS test probability p = 0.54), with
means of 18.46 ± 0.14 and 18.34 ± 0.10, respectively. We
conservatively interpret our results to indicate that BAL
RLQs show similar or perhaps decreased BAL variability as
compared to BAL RQQs. This is consistent with the find-
ings of Filiz Ak et al. (2013) of no significant differences in
variability, for a smaller sample of BAL RLQs.
BALs in RLQs are more likely to vary and display
a greater variability amplitude on longer timescales (Fig-
ure 10), similar to established trends for BAL RQQs (§1).
The mean |∆EW |/〈EW 〉 is 0.13 ± 0.03 (0.06 ± 0.02) for
∆τ ≥ 500 d (< 500 d). The corresponding mean val-
ues for a matched sample of BAL RQQs are somewhat
greater (0.23± 0.04 and 0.15± 0.02, respectively), although
within the longer timescale bin the full distributions of
|∆EW |/〈EW 〉 are not inconsistent. Kendall and Spearman
tests also find a significant if only moderately strong cor-
relation between ∆τ and |∆EW | (Table 6) for both RLQs
Figure 12. Illustration of velocity width over which BALs var-
ied for RLQs (blue circles) and RQQs from C11 (red diamonds).
The open symbols are the sub-sections of a given trough that
varied. For the RQQs, 3 objects have variability within two dis-
tinct troughs (connected with lines). For RQQs we only plot the
longest separation measurements for clarity. For the RLQs, the
longest separation measurement is plotted as larger symbols, the
shorter epoch(s) as smaller symbols.
and RQQs. The best-fit slope for |∆EW | as a function of
log∆τ is greater for RQQs. Both BAL RLQs and BAL
RQQs also tend to have larger absolute (but not fractional)
changes in equivalent width within stronger BALs (Fig-
ure 11). The mean ∆EW for RLQs is 3.2±1.2 A˚ (1.1±0.2 A˚)
for 〈EW 〉 ≥ 20 A˚ (< 20 A˚). Correlation tests again provide
agreement in identifying a significant if moderate trend for
both RLQs and RQQs, again with larger best-fit slopes for
RQQs. Note that the mean and median timescales are sim-
ilar in the two groupings of RLQs split by average BAL
equivalent width, so we can be confident that this is a dis-
tinct trend from the correlation with timescale (the average
equivalent widths are also similar between the RLQ groups
split by timescale). This is not the case for the RQQs, so
here the RLQs provide a cleaner demonstration of the trends
(previously discovered in RQQs; see §1) toward increasing
BAL variability on longer timescales or (in an absolute but
not fractional sense) within stronger BALs.
BALs in RLQs tend to vary within only a fraction of
the full velocity width of the BAL trough, similar to RQQs
(Gibson et al. 2008; G10; C11). We define vBAL to be the
velocity span calculated from the wavelength edges of the
BAL, as defined in §3.2 and listed in Table 3, and vvar
to be the velocity span of the variable portion within the
BAL. Figure 12 plots the velocity widths vvar and vvar/vBAL
against vBAL, for those RLQs with significant BAL variabil-
ity and for RQQs from C11. Here the open symbols show
the segments of a given trough that varied (three RQQs
with variability within two distinct troughs are connected
c© 0000 RAS, MNRAS 000, 000–000
12 Welling, Miller, Brandt, Capellupo, & Gibson
Figure 13. Optical continuum magnitude for BAL RLQs (labeled by truncated RA), plotted versus rest-frame timescale where the zero
point is at MJD 53000. The red line is a running mean within rest-frame 200 d bins after outlier rejection (green points omitted, black
points retained). A measure of variability is printed at lower right for each object; see §4.2 for details. Objects with mild and strong
variability are labeled as v and Var, respectively.
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with lines). For RLQs the longest separation measurement
is plotted with larger symbol size, while for RQQs only the
longest separation measurement is plotted for clarity. For
both RLQs and RQQs the velocity width of the varying
regions tends to be only a few thousand km s−1, as previ-
ously found for RQQs by Gibson et al. (2008). These and
the previous results are consistent with a simple scenario
in which component segments within a given BAL have a
uniform and independent probability to vary, as could arise
from moving material at different radial velocities passing
transversely through the line of sight.
It would also be of interest to compare and contrast
variability within the Si IV absorption region to that dis-
cussed here for C IV BALs. Unfortunately, our sample is
selected in z for C IV coverage and several of these BAL
RLQs do not have Si IV coverage, which makes a robust sta-
tistical comparison difficult. In RQQs, Si IV absorption may
be more variable than C IV (Capellupo et al. 2012; but see
also G10) and segments at similar velocities may show co-
ordinated variability (G10; Capellupo et al. 2012); a larger
sample (restricted to higher redshifts) could test whether
this also holds for RLQs.
4.2 Optical continuum variability
We next investigate continuum variability in BAL quasars.
One motivation for considering optical continuum variabil-
ity is that it could be indicative of direct incident flux alter-
ing the absorber ionization state (e.g., Trevese et al. 2013)
or covering factor. However, such potential connections are
better explored with EUV or X-ray observations (e.g., Gal-
lagher et al. 2004; Saez et al. 2012; Hamann et al. 2013),
which directly probe the high-energy radiation relevant to
BAL shielding and driving. Of greater relevance, a mutual
origin of BAL outflows and optical emission in the accre-
tion disk might link continuum and absorption line vari-
ability; for example, a particularly inhomogeneous disk in
some quasars (e.g., speculatively due to near-Eddington ac-
cretion) might facilitate the launching of absorbing clumps
that are then observable as BALs.
Optical magnitudes at multiple epochs were obtained
from the Catalina Sky Survey10 (Drake et al. 2009), Data
Release 2. These unfiltered CCD measurements of the
quasar optical continua are plotted for BAL RLQs in Fig-
ure 13 and for BAL RQQs in Appendix B. The magnitudes
are screened for outliers using two passes of 3σ rejection,
after which the median magnitude is taken as the baseline
brightness (dashed line in each frame). Timescales are con-
verted to rest-frame with MJD 53000 as the fixed zero point
(for reference, the DR2 release date for SDSS is 53079).
The plots show a running mean calculated within rest-frame
timescale bins of 200 d for bins containing at least 4 valid
measurements (plotted as a solid red line).
We quantify optical continuum variability using a struc-
ture function, following the general approach of Rengstorf et
al. (2006; see also Vanden Berk et al. 2004; di Clemente et
al. 1996). In addition to comparing optical continuum vari-
ability in BAL RLQs versus BAL RQQs, we wish to test
10 http://nessi.cacr.caltech.edu/DataRelease/
Figure 14. Optical continuum variability as a function of time
lag for BAL RLQs (blue stars) and BAL RQQs (red diamonds).
The structure function is calculated as detailed in §4.2. Both BAL
RLQs and RQQs show greater variability on longer timescales,
and tend toward similar variability for any given interval.
whether optical continuum variability is linked to BAL vari-
ability. Given the high-cadence but irregular monitoring of
the Catalina Sky Survey and the desired application of a
uniform procedure for assessing variability within each BAL
quasar, we choose to bin the σ-clipped magnitudes within
intervals of 20 rest-frame days (here we are only interested
in variability on longer timescales) prior to calculating the
structure function. Errors within each bin are estimated in-
cluding both the provided measurement uncertainties and
the empirical scatter and then additionally enhanced by
30%. This slight initial smoothing and conservative inflation
of errors does not impact the relative ranking between indi-
vidual objects or the BAL RLQs versus BAL RQQs compar-
ison but may give somewhat lower absolute structure func-
tion values than other approaches. The structure function
is then considered for time lags up to 1000 rest-frame days,
binned by 100 days. For each individual quasar, the sum of
these 10 measurements (or weighted for truncated coverage)
is used to quantify optical continuum variability, and these
values are listed in Figure 13 and Appendix B.
The structure functions for BAL RLQs and for BAL
RQQs averaged across objects (rather than across raw mag-
nitude measurements) are given in Figure 14. The previously
known tendency for quasars to display greater variability
on longer timescales (e.g., above references) is clearly also
present for BAL quasars, both RLQs and RQQs. There does
not appear to be a significant difference between BAL RLQs
and BAL RQQs in optical continuum variability (see Fig-
ure 14; if anything, BAL RLQs may be less variable). The
mean continuum variability for BAL RLQs (for consistency
again filtering out objects with 〈EW 〉 < 3.5 A˚) is 0.37±0.11,
similar to the value of 0.47 ± 0.07 for BAL RQQs. From
41 BAL RLQs, 7 (3) or 17% (7%) show mild (strong) con-
tinuum variability; in comparison, from 85 BAL RQQs, 22
(7) or 26% (8%) show mild (strong) continuum variability.
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Figure 15. Optical continuum variability versus BAL variabil-
ity for BAL RLQs (blue stars) and BAL RQQs (red diamonds).
There is no apparent correlation. The one-dimensional variability
distributions (shown as peak-normalized histograms) are similar,
with BAL RLQs perhaps slightly less variable by both metrics.
We find no significant correlation between optical continuum
and BAL variability (Table 6 and Figure 15).
Several previous studies have identified a tendency for
RLQs to be more variable than are RQQs (e.g., Vanden Berk
et al. 2004; Garcia et al. 1999; and references therein). We
speculate that those samples include a substantial number
of RLQs for which the inclination is close to the line of sight
(including blazars) and that some of the variability in such
RLQs may be jet-linked. The similarity between BAL RLQs
and BAL RQQs might then support some geometric depen-
dence to BAL outflows (i.e., our RLQs are not viewed down
the jet). This is consistent with the intranight optical vari-
ability analysis of Joshi & Chand (2013), which found similar
low variability in BAL RLQs and BAL RQQs. Regardless of
the underlying physical explanation, the optical continuum
results further support that variability in BAL RLQs is sim-
ilar to (or modestly less than) that in BAL RQQs.
4.3 Influence of radio properties
The absolute change and absolute fractional change in equiv-
alent width are plotted versus radio luminosity and radio
loudness in Figure 16. No strong dependencies of BAL vari-
ability upon radio properties are apparent. The median and
mean values of |∆EW |, or |∆EW |/〈EW 〉 are similar for
RLQs split at either ℓr = 33 or R
∗ = 2, and KS tests
find no significant differences in their distributions (Table 5).
This is confirmed by Kendall and Spearman correlation tests
(Table 6), which show no significant correlation (probabil-
ity < 0.5 in all cases) of |∆EW | or |∆EW |/〈EW 〉 with
either ℓr or R
∗. At most there is a very slight tendency, not
statistically significant, for increased |∆EW |/〈EW 〉 toward
higher R∗ values. However, this may be influenced by the rel-
atively large (within our sample) |∆EW |/〈EW 〉 values of a
few lobe-dominated quasars, for which the R∗ values tend to
be high (Figure 16) and might indeed be somewhat overesti-
mated due to inclusion of lobe emission or intrinsic redden-
ing depressing the optical continuum. Groupings of RLQs
divided by ∆τ or 〈EW 〉 also do not show any significant
trends, with the exception of an apparent anti-correlation
between |∆EW | and R∗ for RLQs with 〈EW 〉 > 20 A˚ that
may again be related to sample inhomogeneity (in this case,
two varying RLQs that have large ∆τ timescales).
It may be noted from Figure 16 that the lobe-dominated
RLQs tend toward greater fractional variability than the
core-dominated RLQs. Indeed, the mean |∆EW |/〈EW 〉 is
0.24±0.07 (0.09±0.02) for lobe-dominated (core-dominated)
RLQs, and KS tests support marginal (p = 0.04) inconsis-
tency. However, the small number of lobe-dominated BAL
RLQs in our sample, as well as their generally greater ∆τ
and smaller 〈EW 〉 values (median 1500 d versus 600 d and
11 A˚ versus 20 A˚, respectively), indicates additional study
is required to confirm these conclusions. Anecdotally, other
cases of notable BAL variability in lobe-dominated RLQs
are known; for example, Hall et al. (2011) report dramatic
variability in the Mg II and Fe II absorption features in
the lobe-dominated RLQ FBQS J1408+3054 (the redshift
of z = 0.848 precludes optical coverage of the C IV region;
this is a “FeLoBAL” object that shows absorption within
lower ionization features, in this case including iron).
Studies of the radio spectral indices of non-BAL and
BAL RLQs have found that BAL RLQs tend to have steeper
values of αr, suggestive of greater inclinations to the line
of sight (DiPompeo et al. 2012; Bruni et al. 2012). This is
consistent with a geometrical dependence to BAL structure,
although it does appear that outflows can exist at equatorial-
to-polar latitudes. Within our sample, there is no strong de-
pendence between αr and BAL variability in core-dominated
BAL RLQs; lobe-dominated RLQs, with generally steep ra-
dio spectral indices, may tend toward somewhat greater ab-
sorption variability as discussed above.
4.4 Relevance to outflow models
In a disk-wind scenario, outflows launched from a rotating
disk could maintain an approximately Keplerian transverse
velocity while traveling radially, and consequent changes in
the covering factor as clouds move across the (extended)
source can provide an explanation for the observed minor
shifts in depths at constant line-of-sight velocity that char-
acterize BAL variability in RQQs (Gibson et al. 2008; G10;
Capellupo et al. 2012). If lobe-dominated RLQs, known to
be more inclined than core-dominated RLQs, indeed show
enhanced BAL variability, then (particularly given the lack
of correlation between variability and general radio prop-
erties) this requires some geometrical dependence of the
BAL outflow structure. The very presence of BALs in flat-
spectrum, core-dominated RLQs is likely incompatible with
a strictly equatorial outflow11, but simulations of line-driven
disk winds indicate that material may be ejected at a range
of angles relative to the accretion disk (e.g., Giustini &
Proga 2012). For the BAL RLQs considered here, it appears
11 Note, however, determination of BAL RLQs as possessing po-
lar outflows based solely on radio variability and inferred bright-
ness temperature may be problematic (Hall & Chajet 2011).
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Figure 16. Absolute change in BAL equivalent width and ab-
solute fractional change in BAL equivalent width versus radio
luminosity (left) and radio loudness (right) for BAL RLQs. Core-
dominated and lobe-dominated objects are plotted as smaller
blue and larger red circles, respectively (with the lobe-dominated
PG 1004+130 in purple; here and for SDSS J004323.43001552.4
shorter-separation measurements are shown as open circles).
There are no obvious strong trends with ℓr or R∗. The lobe-
dominated RLQs tend to display greater absolute and fractional
variability than the core-dominated objects.
unnnecessary to invoke an evolutionary phase, in which the
quasar is nearly completely enshrouded, to explain the pres-
ence of BALs. Recall, however, that our sample is composed
almost exclusively of HiBALs, and LoBALs may have dis-
tinct properties (§1; White et al. 2007).
The lack of any apparent correlation between BAL vari-
ability and (core plus lobe) radio loudness or luminosity
would seem to suggest that the strength of the jet does not
exercise a controlling influence upon the absorbing outflow.
While the scarcity of BAL RLQs with both high values of
R∗ and large C IV absorption EW (Figure 1) could indi-
cate a physical connection (see also Shankar et al. 2008 for
modeling of the radio-loud and BAL fractions), it might al-
ternatively be due simply to a low likelihood for any given
object to possess, independently, extreme radio and BAL
properties. If the jet and wind are not intimately connected
in BAL RLQs, this provides an interesting contrast with the
situation for X-ray binaries, for which it is found that the
jet-aided development of a radiation-driven wind can remove
sufficient material to starve a jet (e.g., Neilsen & Lee 2009),
in a feedback cycle between the “low/hard” and “high/soft”
states. The longer timescales (scaling with black hole mass)
in quasars, perhaps in concert with a greater influence of the
corona upon the accretion structure than operates in X-ray
binaries, appear to permit dual-mode feedback with both the
high-velocity, low-mass jets and the relatively lower-velocity,
higher-mass winds (e.g., Proga et al. 2010) capable of signif-
icant energy injection into their surroundings. If indeed me-
chanical power is ejected primarily in the form of jets below
Lbol ∼ 10
−2LEdd and as winds at higher accretion luminosi-
ties (King et al. 2013), RLQs may sit near this boundary.
RLQs also hosting BALs12 might therefore be expected to
be particularly efficient at quenching star-formation within
their host galaxies.
5 SUMMARY
We have carried out a study of C IV BAL variability within
a representative sample of 46 RLQs, using 78 pairs of spec-
tra collected with rest-frame separations of 80–6000 d. Our
primary results are the following:
1. Changes in BAL structure are generally either mod-
est or statistically insignificant; the mean absolute fractional
change |∆EW |/〈EW 〉 is 0.10 ± 0.02, somewhat lower than
the 0.17 ± 0.03 found in a matched sample of BAL RQQs.
BAL variability in RLQs, where observed, typically consists
of a slight change in the depth of a portion of the absorp-
tion trough, qualitatively similar to BAL RQQ variability
(see §3.2, 4.1, Table 5, Appendix A).
2. BALs in RLQs vary more on longer timescales
(as do BALs in RQQs). The absolute fractional change
in equivalent width is correlated with ∆τ , and the mean
|∆EW |/〈EW 〉 is 0.13 ± 0.03 (0.06 ± 0.02) for ∆τ ≥ 500 d
(< 500 d) (see §4.1, Table 5, Figure 10).
3. BALs of larger equivalent width tend to show greater
absolute (but not fractional) changes in equivalent width, for
both RLQs and RQQs, perhaps due to their coverage of more
discrete velocity segments (see §4.1, Table 6, Figure 11).
4. BAL RLQs and BAL RQQs show similar optical con-
tinuum variability patterns (if anything, BAL RLQs are less
variable) and both vary more on longer timescales, in com-
mon with non-BAL quasars (see §4.2, Figures 13–14, Ap-
pendix B).
5. Radio loudness and luminosity do not influence BAL
variability. The mean |∆EW | and |∆EW |/〈EW 〉 values for
RLQs divided at R∗ = 2 or ℓr = 33 are similar, and neither
measure of BAL variability is significantly correlated with
either R∗ or ℓr for these BAL RLQs (see §4.3, Table 6).
6. Lobe-dominated RLQs apparently show greater frac-
tional BAL variability than do core-dominated RLQs: the
mean |∆EW |/〈EW 〉 is 0.24 ± 0.07 (0.09 ± 0.02) for lobe-
dominated (core-dominated) RLQs. However, the small
number of lobe-dominated BAL RLQs in our sample, as
well as their generally greater ∆τ and smaller 〈EW 〉 val-
ues here, indicates additional study is warranted to confirm
these conclusions (see §4.3, Figure 16).
In summary, BAL variability in RLQs appears to occur
in a similar manner as in RQQs (consistent with a com-
mon physical mechanism, such as a disk wind), but at per-
haps weaker amplitude or with lesser frequency. The lack
of dependence upon radio properties suggests that the jet
in RLQs does not strongly influence the absorber, while the
potential greater variability in lobe-dominated objects sup-
ports some geometrical dependence to the outflow structure.
12 If BALs in RLQs are only detectable along a particular line of
sight, the intrinsic fraction of RLQs hosting BALs could be much
larger than observed.
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Table 1. BAL RLQs: radio and optical properties and longest-separation summed BAL measurements
Name (SDSS J2000) z mi Mi ℓuv
a ℓr R
∗ ∆(g − i)b ∆τc 〈EW 〉d ∆EWe |∆EW |
〈EW〉
f Notesg
001438.28−010750.1 1.806 18.36 −26.77 30.99 32.00 1.01 0.59 258 16.2 −0.1±1.7 0.00
004323.43−001552.4 2.798 18.15 −27.96 31.51 34.37 2.86 0.38 675 9.4 −2.5±0.7 0.26 LD
004613.54+010425.7 2.152 17.77 −27.76 31.43 32.50 1.07 0.31 1881 39.5 −2.4±0.9 0.06
021333.34+003030.8 2.053 18.90 −26.52 30.92 32.33 1.41 0.80 854 7.6 −0.2±1.2 0.02
024534.07+010813.7 1.536 18.37 −26.38 30.76 32.48 1.72 0.67 436 7.5 +0.1±1.3 0.01
025105.14−001732.1 3.456 19.53 −27.05 31.30 32.07 0.77 0.66 69 6.4 +0.8±1.8 0.13
074610.50+230710.7 2.093 18.27 −27.20 31.20 33.35 2.15 1.06 624 14.5 +1.4±1.3 0.10 FS
082450.19+440212.8 1.866 19.59 −25.61 30.53 32.15 1.62 0.25 87 15.0 +0.2±2.0 0.01
083749.59+364145.5 3.416 18.54 −28.02 31.54 33.83 2.29 0.61 496 33.2 −0.3±0.9 0.01
083925.61+045420.2 2.447 18.30 −27.52 31.34 32.88 1.54 1.80 17 44.8 −1.1±3.7 0.03 Lo
084401.95+050357.9 3.346 17.01 −29.50 32.23 33.27 1.04 1.10 420 57.1 +2.2±0.9 0.04
085641.56+424253.9 3.062 18.42 −27.90 31.42 33.63 2.21 0.07 546 11.2 −0.7±0.6 0.06 FS
090306.67+272532.9 2.233 18.86 −26.75 31.05 32.39 1.34 0.45 319 11.7 +1.0±1.2 0.08
091512.53+305014.9 1.983 18.54 −26.80 31.03 32.02 0.99 0.35 130 4.8 −0.4±1.0 0.08
093403.96+315331.3 2.422 17.07 −28.73 31.85 32.79 0.94 0.80 300 17.2 +0.6±0.8 0.04
094513.89+505521.8 2.137 18.59 −26.93 31.09 32.31 1.22 0.97 672 42.8 −1.4±3.2 0.03 Lo
100726.10+124856.2 0.241 15.17 −25.12 30.46 32.85 2.39 −0.51 6163 7.8 −3.1±1.0 0.40 LD
101219.48+350333.8 2.628 19.02 −26.96 31.20 32.50 1.30 0.74 114 50.1 −1.4±3.3 0.03
101614.26+520915.7 2.460 19.23 −26.62 31.08 34.20 3.12 1.39 1198 41.1 −1.7±1.1 0.04 LD
105416.51+512326.0 2.340 18.47 −27.25 31.27 33.59 2.32 0.35 549 9.1 +0.4±1.0 0.05 FS
114436.65+095904.9 3.150 18.07 −28.31 31.69 33.46 1.77 0.21 419 2.5 −0.1±0.8 0.04
115944.82+011206.9 2.002 16.98 −28.39 31.67 34.37 2.70 0.40 952 12.7 +0.1±0.8 0.01 J, MB?
121539.66+090607.4 2.723 18.09 −27.97 31.60 33.92 2.32 0.18 1571 11.6 −4.3±2.1 0.37
123411.74+615832.5 1.949 18.37 −26.93 31.08 33.27 2.19 0.46 745 28.6 −0.7±1.6 0.03
123954.15+373954.5 1.841 19.70 −25.47 30.48 33.12 2.64 0.41 770 2.8 +0.2±1.2 0.06 LD, Lo
132139.86−004151.9 3.074 18.66 −27.66 31.47 32.94 1.47 1.46 77 39.9 −0.2±2.0 0.00 Lo
132304.58−003856.5 1.827 17.81 −27.34 31.22 32.81 1.59 0.53 113 19.3 −1.1±1.6 0.06
133150.51+004518.8 1.885 18.89 −26.33 30.82 32.36 1.54 0.15 101 15.4 +4.4±0.9 0.29
133259.16+490946.9 1.995 19.08 −26.27 30.82 32.90 2.08 1.15 503 8.0 +1.8±2.0 0.22 LD
133428.06−012349.0 1.876 16.80 −28.41 31.65 32.44 0.79 1.02 2027 60.3 −10.4±1.0 0.17 Lo
133701.39−024630.2 3.063 18.41 −27.91 31.48 33.97 2.49 0.18 512 5.1 −0.1±0.6 0.03 FS
135910.45+563617.3 2.248 17.76 −27.87 31.49 33.30 1.82 0.58 933 7.6 +0.0±0.9 0.01
141151.97+550948.7 1.889 18.47 −26.76 30.99 33.73 2.74 0.18 929 3.1 −1.8±0.6 0.57 LD
141334.38+421201.7 2.818 18.23 −27.91 31.56 33.51 1.95 0.53 465 14.5 +0.1±1.0 0.01 J, FS
141546.24+112943.4 2.560 16.91 −29.02 31.98 33.07 1.09 0.29 1954 31.9 −16.8±0.4 0.53 Lo
144136.54+632519.4 1.779 18.55 −26.54 30.90 32.71 1.81 0.10 792 11.7 −1.4±0.8 0.12
144707.40+520340.1 2.065 17.47 −27.96 31.50 33.47 1.97 0.44 486 7.6 +1.2±0.8 0.15 LD
150206.66−003606.9 2.200 18.47 −27.11 31.18 33.03 1.85 0.15 118 1.7 +1.0±0.3 0.61
151630.30−005625.5 1.921 18.31 −26.96 31.08 33.31 2.24 0.39 1131 11.7 −2.0±0.8 0.17
153703.95+533220.0 2.406 17.90 −27.88 31.54 33.08 1.54 0.20 20 10.3 +0.4±0.3 0.04
154241.14+532204.3 2.983 19.11 −27.15 31.31 32.78 1.47 1.08 17 20.3 −1.2±2.0 0.06
155355.38+324513.3 2.065 18.90 −26.54 30.93 32.19 1.26 0.44 473 21.0 −3.4±1.8 0.16
160943.33+522550.9 2.723 18.59 −27.47 31.37 32.37 1.00 0.38 588 12.1 +0.7±0.8 0.06
162453.47+375806.6 3.380 18.17 −28.37 31.73 34.16 2.43 0.22 396 20.6 −1.0±1.0 0.05 J, MB
225706.17−002532.8 1.985 18.40 −26.95 31.09 32.71 1.62 1.11 1318 14.3 −0.6±1.5 0.04
235702.54−004824.0 3.013 18.68 −27.61 31.45 32.92 1.47 0.42 103 12.8 −0.0±0.9 0.00
a Monochromatic optical/UV or radio luminosities are given at rest-frame 2500 A˚ or 5 GHz, respectively, in units of erg s−1 Hz−1,
expressed as a logarithm. The radio loudness is calculated as R∗ = ℓr − ℓuv.
b The relative color ∆(g−i) is calculated as g−i less the median value for quasars near that redshift. Redder objects have ∆(g−i) > 0.
c Rest-frame time between BAL measurements, in days.
d Average equivalent width, in A˚.
e Change in equivalent width, in A˚.
f Absolute fractional change in equivalent width
g Lo: known LoBAL; MB: mini-BAL present; LD: lobe-dominated; J: small-scale milliarcsecond jet; FS: flat radio spectrum
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Table 2. Measurements of RLQ C IV absorption troughs
Objecta λ1 − λ2b MJD EW (A˚) Obsc Object λ1 − λ2 MJD EW (A˚) Obs
0014 1525–1548 51795 16.29±1.18 S 1012 1440–1545 53357 50.76±2.98 S
52518 16.21±1.18 S 53771 49.35±1.36 S
0043 1444–1499 51794 10.61±0.61 S 1016 1509–1554 51546 28.69±0.54 K
52199 12.46±0.58 S 55684 29.35±0.71 H
54356 8.13±0.36 H 1460–1503 51546 13.32±0.24 K
0046 1449–1493 51794 24.22±0.54 S 55684 10.93±0.55 H
52199 22.69±0.45 S 1054 1521–1543 52669 8.93±0.79 S
55776 22.29±0.32 H 54504 9.35±0.65 H
1524–1542 51794 15.54±0.80 S 1144 1473–1486 52734 2.60±0.51 S
52199 15.26±0.75 S 54472 2.49±0.58 H
55776 15.29±0.65 H 1159 1533–1549 51663 12.62±0.58 S
0213 1535–1547 51816 7.72±0.99 S 51930 12.57±0.58 S
54413 7.55±0.68 H 54509 12.72±0.49 H
0245 1536–1547 51871 7.40±0.91 S 1234 1463–1505 52373 28.98±1.30 S
52177 7.92±1.10 S 54552 28.61±0.72 H
52973 7.51±0.99 S 54579 28.24±0.96 H
0251 1522–1534 51871 6.00±1.24 S 1321 1488–1549 51665 40.03±1.48 S
52177 6.82±1.30 S 51984 39.87±1.34 S
0746 1525–1537 52577 5.65±0.72 S 1323 1495–1511 51665 8.76±0.78 S
54452 6.54±0.50 H 51984 8.39±0.58 S
54507 6.63±0.66 S 1518–1535 51665 11.08±0.93 S
1539–1549 52577 8.14±0.65 S 51984 10.35±0.85 S
54452 8.48±0.66 H 1332 1511–1530 52762 7.12±1.90 S
54507 8.54±0.65 S 54270 8.92±0.65 H
0824 1518–1539 51959 14.89±1.49 S 1337 1528–1539 52427 5.13±0.42 S
52207 15.07±1.35 S 54504 5.00±0.36 H
0837 1502–1543 52320 33.38±0.71 S 1359 1533–1549 52669 7.57±0.73 S
54413 32.91±0.83 H 55700 7.62±0.55 H
54452 33.57±0.69 H 1411 1534–1544 53088 3.96±0.55 S
54504 33.10±0.49 H 55775 2.20±0.24 H
0839 1417–1461 52650 21.20±1.50 S 1413 1529–1549 52823 14.45±0.84 S
52708 21.05±2.39 S 54594 14.54±0.58 H
1497–1509 52650 7.44±0.83 S 1415 1476–1535 53848 34.65±0.68 S
52708 7.29±1.15 S 54567 26.73±0.70 M
0839 1531–1554 52650 16.75±1.06 S 55688 30.61±0.47 H
52708 15.91±1.56 S 1441 1526–1542 52339 12.40±0.67 S
0844 1412–1529 52650 56.04±0.65 S 54533 10.95±0.50 S
54478 58.20±0.60 H 1447 1447–1487 52786 7.00±0.58 S
0856 1508–1527 52294 11.61±0.48 S 54271 8.17±0.51 H
54414 10.86±0.43 H 1516 1532–1552 52404 12.69±0.64 S
54520 10.88±0.38 H 55707 10.73±0.51 H
0903 1491–1515 53387 11.23±0.96 S 1542 1525–1554 52374 20.85±1.49 S
54416 12.21±0.71 H 52442 19.66±1.40 S
0915 1535–1551 53379 5.01±0.75 S 1553 1476–1527 52825 22.67±1.56 S
53768 4.64±0.62 S 53227 19.42±1.26 S
0934 1482–1499 53386 6.73±0.38 S 54270 19.25±0.86 H
54414 6.92±0.29 H 1609 1531–1547 52051 11.76±0.65 S
1406–1440 53386 10.15±0.48 S 54233 12.48±0.50 H
54414 10.60±0.48 H 1624 1403–1446 52767 15.32±0.55 S
0945 1405–1500 52409 43.47±1.95 S 54270 14.20±0.42 H
54496 40.18±2.24 H 54504 14.25±0.49 H
54522 42.07±2.58 H 1528–1543 52767 5.82±0.47 S
1007 1491–1532 45083 5.66±0.65 I 54270 5.17±0.38 H
46442 14.04±0.82 I 54504 5.85±0.40 H
52729 3.66±0.36 T 2257 1537–1554 51792 14.63±1.21 S
1537–1552 45083 3.67±0.52 I 52178 14.19±1.18 S
46442 4.09±0.46 I 55740 14.01±0.80 H
52729 2.54±0.31 T 2357 1525–1541 51791 12.82±0.58 S
52203 12.77±0.70 S
a Truncated, see Table 1 for full name.
b Wavelength boundaries (in A˚) of BAL; see §3.2 for details.
c Observations from S: Sloan Digital Sky Survey; H: Hobby Eberly Telescope; I: International Ul-
traviolet Explorer; T: Hubble Space Telescope; M: MDM Observatory
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Table 3. Variability of RLQ C IV absorption troughs
Namea λ1 − λ2 ∆τ 〈EW 〉 ∆EW |∆EW |〈EW〉 Name λ1 − λ2 ∆τ 〈EW 〉 ∆EW
|∆EW |
〈EW〉
(A˚) (d) (A˚) (A˚) (A˚) (d) (A˚) (A˚)
0014 1525–1548 258 16.2 −0.1±1.7 0.00±0.10 1007 1537–1552 6163 3.1 −1.1±0.6 0.36±0.20
0043 1444–1499 675 9.4 −2.5±0.7 0.26±0.08 1095 3.9 +0.4±0.7 0.11±0.18
107 11.5 +1.9±0.8 0.16±0.07 5068 3.3 −1.6±0.6 0.47±0.17
568 10.3 −4.3±0.7 0.42±0.07 1012 1440–1545 114 50.1 −1.4±3.3 0.03±0.07
0046 1449–1493 1264 23.3 −1.9±0.6 0.08±0.03 1016 1509–1554 1198 29.0 +0.7±0.9 0.02±0.03
129 23.5 −1.5±0.7 0.07±0.03 1460–1503 1198 12.1 −2.4±0.6 0.20±0.05
1136 22.5 −0.4±0.6 0.02±0.02 1054 1521–1543 549 9.1 +0.4±1.0 0.05±0.11
1524–1542 1264 15.4 −0.2±1.0 0.02±0.07 1144 1473–1486 419 2.5 −0.1±0.8 0.04±0.30
129 15.4 −0.3±1.1 0.02±0.07 1159 1533–1549 952 12.7 +0.1±0.8 0.01±0.06
1136 15.3 +0.0±1.0 0.00±0.06 89 12.6 −0.1±0.8 0.00±0.07
0213 1535–1547 854 7.6 −0.2±1.2 0.02±0.16 862 12.6 +0.2±0.8 0.01±0.06
0245 1536–1547 436 7.5 +0.1±1.3 0.01±0.18 1234 1463–1505 745 28.6 −0.7±1.6 0.03±0.06
121 7.7 +0.5±1.4 0.07±0.19 736 28.8 −0.4±1.5 0.01±0.05
315 7.7 −0.4±1.5 0.05±0.19 9 28.4 −0.4±1.2 0.01±0.04
0251 1522–1534 69 6.4 +0.8±1.8 0.13±0.28 1321 1488–1549 77 39.9 −0.2±2.0 0.00±0.05
0746 1525–1537 624 6.1 +1.0±1.0 0.16±0.16 1323 1495–1511 113 8.6 −0.4±1.0 0.04±0.11
606 6.1 +0.9±0.9 0.15±0.14 1518–1535 113 10.7 −0.7±1.3 0.07±0.12
18 6.6 +0.1±0.8 0.01±0.13 1332 1511–1530 503 8.0 +1.8±2.0 0.22±0.25
1539–1549 624 8.3 +0.4±0.9 0.05±0.11 1337 1528–1539 512 5.1 −0.1±0.6 0.03±0.11
606 8.3 +0.3±0.9 0.04±0.11 1359 1533–1549 933 7.6 +0.0±0.9 0.01±0.12
18 8.5 +0.1±0.9 0.01±0.11 1411 1534–1544 929 3.1 −1.8±0.6 0.57±0.20
0824 1518–1539 87 15.0 +0.2±2.0 0.01±0.13 1413 1529–1549 465 14.5 +0.1±1.0 0.01±0.07
0837 1502–1543 496 33.2 −0.3±0.9 0.01±0.03 1415 1476–1535 518 32.6 −4.0±0.8 0.12±0.03
21 33.0 +0.2±1.0 0.01±0.03 202 30.7 −7.9±1.0 0.26±0.03
12 33.3 −0.5±0.8 0.01±0.03 316 28.7 +3.9±0.8 0.14±0.03
0839 1417–1461 17 21.1 −0.2±2.8 0.01±0.13 1441 1526–1542 792 11.7 −1.4±0.8 0.12±0.07
1497–1509 17 7.4 −0.2±1.4 0.02±0.19 1447 1447–1487 486 7.6 +1.2±0.8 0.15±0.10
1531–1554 17 16.3 −0.8±1.9 0.05±0.12 1516 1532–1552 1131 11.7 −2.0±0.8 0.17±0.07
0844 1412–1529 420 57.1 +2.2±0.9 0.04±0.02 1542 1525–1554 17 20.3 −1.2±2.0 0.06±0.10
0856 1508–1527 546 11.2 −0.7±0.6 0.06±0.05 1553 1476–1527 473 21.0 −3.4±1.8 0.16±0.09
520 11.2 −0.8±0.6 0.07±0.06 132 21.0 −3.2±2.0 0.15±0.10
26 10.9 +0.0±0.6 0.00±0.05 341 19.3 −0.2±1.5 0.01±0.08
0903 1491–1515 319 11.7 +1.0±1.2 0.08±0.10 1609 1531–1547 588 12.1 +0.7±0.8 0.06±0.07
0915 1535–1551 130 4.8 −0.4±1.0 0.08±0.20 1624 1403–1446 396 14.8 −1.1±0.7 0.07±0.05
0934 1482–1499 300 6.8 +0.2±0.5 0.03±0.07 343 14.8 −1.1±0.7 0.08±0.05
1406–1440 300 10.4 +0.5±0.7 0.04±0.07 53 14.2 +0.1±0.6 0.00±0.05
0945 1405–1500 672 42.8 −1.4±3.2 0.03±0.08 1528–1543 396 5.8 +0.0±0.6 0.01±0.11
664 41.8 −3.3±3.0 0.08±0.07 343 5.5 −0.7±0.6 0.12±0.11
8 41.1 +1.9±3.4 0.05±0.08 53 5.5 +0.7±0.6 0.12±0.10
1007 1491–1532 6163 4.7 −2.0±0.7 0.43±0.16 2257 1537–1554 1318 14.3 −0.6±1.5 0.04±0.10
1095 9.9 +8.4±1.0 0.85±0.12 129 14.4 −0.4±1.7 0.03±0.12
5068 8.9 −10.4±0.9 1.17±0.12 1189 14.1 −0.2±1.4 0.01±0.10
2357 1525–1541 103 12.8 −0.0±0.9 0.00±0.07
a Truncated, see Table 1 for full name.
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Table 4. BAL variability in RQQs
Coordinates z ∆τa 〈EW 〉 ∆EW |∆EW |
〈EW〉
Ref Coordinates z ∆τ 〈EW 〉 ∆EW |∆EW |
〈EW〉
Ref
001130.5+005550 2.31 219 12.1 −0.7±1.4 0.06 G09 123355.6+130409 2.38 2411 30.5 +6.2±1.7 0.20 G10
001219.6+023636 2.64 2118 21.3 +17.9±2.2 0.84 G10 123458.1+130855 2.36 2038 60.6 −1.3±0.6 0.02 C11
001306.1+000431 2.16 1498 5.6 −3.5±1.5 0.63 G10 123724.5+010615 2.02 1680 6.1 −0.7±1.0 0.12 G10
001927.8+003359 1.62 276 15.6 −6.3±1.4 0.41 G09 123736.4+143640 2.70 1790 37.7 +4.2±3.2 0.11 G10
002127.8+010420 1.82 1571 12.4 +2.3±1.3 0.19 G10 123754.8+084106 2.90 2082 25.0 −3.0±1.7 0.12 G10
002227.5+012413 2.13 2447 27.8 +11.8±1.5 0.43 G10 124303.6+155047 2.36 2192 31.3 +6.3±1.7 0.20 G10
002410.8−015647 2.35 2118 45.3 +4.9±1.7 0.11 G10 124551.4+010505 2.81 2009 39.3 −4.9±2.6 0.13 G10
002435.3+020648 2.83 2045 13.2 −5.6±1.9 0.43 G10 124913.8−055919 2.25 1823 30.9 −0.4±0.5 0.01 C11
002733.8−013452 2.08 2484 21.5 −11.0±1.7 0.51 G10 130058.1+010551 1.91 105 43.0 +2.6±1.3 0.06 L07
003135.5+003421 2.25 2338 35.0 +6.0±1.8 0.17 G10 130554.7+303252 1.77 2104 39.9 +35.6±0.9 0.89 C11
003218.4+073832 3.25 89 7.2 −0.3±0.6 0.04 B93 131136.5−055239 2.16 1684 58.7 −3.3±0.4 0.06 C11
004118.5+001742 1.77 170 11.2 +0.4±1.4 0.04 G09 131305.7+015926 2.02 88 9.5 +1.6±0.4 0.17 L07
004527.6+143816 1.99 19 35.3 −0.4±0.3 0.01 L07 131714.2+010013 2.70 2082 32.1 +20.0±2.5 0.62 G10
005355.1−000309 1.72 1461 34.8 −11.5±1.4 0.33 G10 131853.4+002211 2.07 104 16.4 +1.3±0.6 0.08 L07
005824.7+004113 1.92 1498 5.2 −2.3±1.1 0.45 G10 132742.9+003532 1.88 103 3.8 +1.5±0.6 0.39 L07
011227.6−011221 1.76 1461 21.0 +16.9±1.2 0.80 G10 133901.8+132018 2.45 2016 42.2 −2.0±0.6 0.05 C11
011237.3+001929 2.66 523 4.0 +1.4±1.4 0.35 G09 134544.5+002810 2.45 80 18.3 +2.8±0.5 0.15 L07
011913.2+005115 1.67 157 24.6 +4.4±1.4 0.18 G09 142333.5+573909 1.87 547 18.8 −6.0±1.4 0.32 G09
012209.9+032544 2.09 2034 32.3 −3.3±1.6 0.10 C11 142500.2+494729 2.25 1801 20.6 −3.8±1.2 0.18 C11
013625.6−103346 2.01 487 26.5 −2.1±1.4 0.08 G09 143130.0+570138 1.80 31 16.8 −2.1±0.6 0.13 L07
014055.5+003908 1.49 167 10.0 +0.0±1.4 0.00 G09 143641.2+001558 1.87 18 23.1 +0.6±0.7 0.03 L07
014817.5+043119 2.03 281 21.6 +3.2±2.0 0.15 B93 143647.5+495256 1.59 2283 63.1 −6.9±2.0 0.11 C11
014918.7+015723 2.91 1695 42.7 −9.8±0.5 0.23 C11 143907.5−010616 1.82 265 7.2 +0.7±1.4 0.10 G09
020006.3−003709 2.14 575 52.3 +2.5±1.4 0.05 G09 144244.2−010943 1.93 256 9.1 +0.1±1.4 0.01 G09
022839.2−101111 2.26 1702 48.8 +5.5±0.3 0.11 C11 144403.9+565751 1.86 31 1.6 +0.5±0.3 0.32 L07
024413.7−000447 2.80 210 18.9 −5.9±1.4 0.31 G09 144514.8−002358 2.24 2301 38.5 +2.5±1.5 0.07 G10
024701.1+000330 2.15 350 9.1 −0.2±1.4 0.02 G09 144545.3+012912 2.45 2155 44.4 +0.9±1.7 0.02 G10
025042.4+003536 2.39 342 47.3 +0.2±1.4 0.00 G09 144959.9+003225 1.72 121 10.5 −0.2±0.6 0.02 L07
025751.5+002045 1.51 155 11.1 +1.2±1.4 0.11 G09 145428.5+571441 3.27 21 3.9 +0.9±0.5 0.22 L07
030504.9+171653 2.89 1614 12.9 +0.1±0.3 0.00 C11 150109.1−011502 2.13 120 23.2 −7.8±1.5 0.34 L07
031828.9−001523 1.98 36 3.1 +1.5±0.5 0.48 L07 151927.4−010729 1.72 265 11.5 +0.4±1.4 0.03 G09
075010.1+304032 1.89 109 3.2 −4.7±0.3 1.45 L07 152553.8+513649 2.88 1578 16.7 −2.6±0.2 0.16 C11
081416.7+435405 1.35 92 16.7 +2.4±1.4 0.14 L07 160649.2+451051 2.83 23 4.6 +1.1±0.7 0.23 L07
081657.5+060441 2.01 75 11.5 −5.1±1.7 0.44 L07 170114.3+222448 1.90 199 3.7 +1.2±1.4 0.32 G09
081822.6+434633 2.04 81 1.5 +2.7±0.3 1.82 L07 170633.0+615715 2.01 61 4.0 +0.8±0.3 0.20 L07
084538.6+342043 2.15 2023 24.5 −0.4±0.7 0.02 C11 172001.3+621245 1.76 34 23.0 −0.1±1.4 0.01 L07
084908.1+152931 2.93 1381 6.3 +1.6±0.3 0.26 C11 222830.4−051855 1.98 375 45.1 +4.8±1.9 0.11 B93
090638.1+172223 2.69 1841 66.0 −17.4±0.5 0.26 C11 224019.0+144435 2.24 79 1.9 −0.1±0.6 0.08 L07
093552.9+495314 1.93 2301 49.4 +1.7±0.5 0.04 C11 224320.4−004918 1.78 160 17.5 +9.7±1.4 0.55 G09
093620.5+004649 1.72 106 3.4 +5.2±0.7 1.50 L07 224324.5−005330 1.90 154 22.2 −5.6±1.4 0.25 G09
094425.4+610934 2.27 569 36.8 −2.8±1.4 0.08 G09 224733.4−002009 2.51 309 23.9 +1.8±1.4 0.08 G09
095933.6−054952 1.81 2082 18.8 +0.1±0.7 0.01 C11 225746.9+000121 1.73 298 5.8 +1.5±1.4 0.26 G09
101341.8+085126 2.27 1804 48.4 −0.2±1.1 0.01 C11 234315.8+004659 2.78 392 10.1 +0.7±1.4 0.07 G09
102250.1+483631 2.07 107 27.7 −2.7±0.6 0.10 L07 234506.3+010135 1.80 231 32.2 +2.9±1.4 0.09 G09
112820.8−011441 1.80 272 13.8 +1.3±1.4 0.09 G09 235224.1−000951 2.74 197 20.7 +3.4±1.4 0.16 G09
115031.0−004403 2.39 83 11.6 +0.3±1.6 0.03 L07 235253.5−002850 1.62 281 30.1 +3.4±1.4 0.11 G09
121125.4+151851 1.96 2228 28.7 +6.4±1.6 0.22 G10 235408.6−001615 1.77 265 41.8 −12.1±1.4 0.29 G09
a These and following columns defined as in Table 1.
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Table 5. BAL variability in RLQs and RQQs
∆τ (d) 〈EW 〉 (A˚) |∆EW | (A˚) |∆EW |/〈EW 〉
Sample n Med Mean KS p Med Mean KS p Med Mean KS p Med Mean KS p
Groupings of RLQs
All values 78 473 665±108 ... 14.5 20.7±1.6 ... 1.0 1.9±0.3 ... 0.06 0.12±0.02 ...
Longest sep 46 503 724±143 ... 12.8 18.6±2.2 ... 1.0 1.7±0.4 ... 0.06 0.12±0.02 ...
Core dom 39 465 579± 87 ... 14.5 19.9±2.4 ... 0.7 1.7±0.5 ... 0.04 0.09±0.02 ...
Lobe dom 7 770 1532±778 0.04 7.8 11.4±5.0 0.01 1.8 1.8±0.3 0.05 0.22 0.24±0.07 0.04
ℓr < 33 24 319 726±262 ... 15.4 21.1±3.2 ... 1.1 1.6±0.4 ... 0.06 0.09±0.02 ...
ℓr ≥ 33 22 624 723± 95 0.01 11.6 15.8±3.0 0.21 1.0 1.8±0.7 1.00 0.05 0.15±0.04 0.96
R∗ < 2 30 419 519±106 ... 15.0 20.8±3.1 ... 1.0 1.8±0.6 ... 0.04 0.10±0.03 ...
R∗ ≥ 2 16 745 1110±346 0.00 11.6 14.4±2.8 0.28 1.4 1.4±0.3 0.54 0.06 0.15±0.04 0.52
Groupings of RQQs
All values 115 281 808± 80 ... 21.6 24.7±1.5 ... 2.1 3.6±0.5 ... 0.11 0.21±0.03 ...
Longest sep 94 350 921± 92 ... 21.0 23.2±1.7 ... 2.5 4.1±0.5 ... 0.13 0.24±0.03 ...
Lundgren+07 24 81 72± 7 0.00 11.5 13.2±2.3 0.01 1.5 2.0±0.4 0.20 0.17 0.35±0.10 0.69
Gibson+09 28 265 296± 25 0.00 17.5 19.6±2.5 0.38 1.8 2.8±0.6 1.00 0.10 0.16±0.03 0.76
Capellupo+11 18 1841 1878± 59 0.00 42.2 37.9±4.3 0.04 2.6 5.3±2.1 0.98 0.10 0.14±0.05 0.53
Gibson+10 21 2082 1999± 75 0.00 28.7 26.5±2.7 0.26 5.6 7.1±1.2 0.00 0.20 0.32±0.05 0.02
Comparison of RLQs to RQQs (for EW > 3.5 A˚, longest separation)
RLQs 42 503 740±155 ... 14.5 20.1±2.3 ... 1.0 1.8±0.5 ... 0.05 0.10±0.02 ...
RQQs 88 487 978± 96 0.00 21.6 24.6±1.7 0.02 2.5 4.2±0.6 0.00 0.12 0.19±0.02 0.00
RQQs matched 42 375 738±106 0.26 18.8 22.1±2.3 0.56 2.3 3.3±0.6 0.01 0.11 0.17±0.03 0.01
RLQs EW < 20 A˚ 28 512 736±214 ... 11.7 11.2±0.7 ... 0.7 1.1±0.2 ... 0.06 0.10±0.02 ...
RQQs EW < 20 A˚ 39 219 529±104 0.01 11.1 10.8±0.8 0.33 1.3 2.0±0.3 0.17 0.15 0.19±0.03 0.07
RLQs EW ≥ 20 A˚ 14 496 749±194 ... 39.9 37.9±3.4 ... 1.4 3.2±1.2 ... 0.04 0.09±0.04 ...
RQQs EW ≥ 20 A˚ 49 1790 1336±130 0.05 32.3 35.6±1.7 0.58 3.4 5.9±0.9 0.00 0.11 0.19±0.03 0.01
RLQs ∆τ < 500 d 21 130 233± 39 ... 16.2 21.2±3.3 ... 0.8 1.0±0.2 ... 0.04 0.06±0.02 ...
RQQs ∆τ < 500 d 45 160 180± 17 0.10 16.4 18.1±1.7 0.67 1.5 2.4±0.4 0.03 0.11 0.15±0.02 0.01
RLQs ∆τ ≥ 500 d 21 854 1247±268 ... 11.7 19.0±3.3 ... 1.4 2.5±0.9 ... 0.06 0.13±0.03 ...
RQQs ∆τ ≥ 500 d 43 2009 1814± 77 0.00 31.3 31.4±2.5 0.00 3.5 6.0±1.1 0.00 0.16 0.23±0.04 0.10
Note: The median and mean values are given for each grouping; the error on the mean is σ/
√
n. The KS-test probability is versus the near-
est preceding grouping without entered values, and p < 0.005 (p ≥ 0.995) are represented as 0.00 (1.00).
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Table 6. Correlation tests
|∆EW | |∆EW |/〈EW 〉
Sample n pτ pρ ρ β pτ pρ ρ β
Versus ∆τ
RLQs, all values 78 0.99 0.99 0.30 0.47±0.23 0.99 0.99 0.31 0.36±0.14
RLQs, longest sep 46 0.97 0.97 0.32 0.50±0.28 0.96 0.95 0.29 0.72±0.28
RLQs, EW > 3.5A˚ 42 0.97 0.97 0.34 0.53±0.29 0.97 0.96 0.32 0.68±0.26
RLQs, core dom 39 0.81 0.81 0.21 0.24±0.29 0.81 0.79 0.20 0.14±0.16
RLQs, lobe dom 7 0.64 0.60 0.38 1.46±0.71 0.35 0.30 0.18 1.77±2.03
RQQs, all values 115 1.00 1.00 0.36 1.55±0.40 0.44 0.42 0.05 0.39±0.24
RQQs, longest sep 94 1.00 1.00 0.40 1.81±0.48 0.03 0.03 0.00 0.31±0.28
RQQs, EW > 3.5A˚ 88 1.00 1.00 0.39 1.93±0.53 0.67 0.67 0.10 0.45±0.28
RQQs, matched 42 0.99 0.99 0.40 1.47±0.63 0.96 0.96 0.32 1.04±0.40
RQQs+RLQs EW > 3.5A˚ 130 1.00 1.00 0.39 1.29±0.34 0.97 0.97 0.19 0.52±0.21
Versus 〈EW 〉
RLQs, all values 78 1.00 1.00 0.34 0.29±0.10 0.87 0.90 −0.19 −0.01±0.01
RLQs, longest sep 46 0.98 0.98 0.34 0.15±0.11 0.93 0.92 −0.26 −0.01±0.01
RLQs, EW > 3.5A˚ 42 0.97 0.97 0.34 0.14±0.12 0.75 0.71 −0.17 −0.01±0.01
RLQs, core dom 39 1.00 1.00 0.47 0.23±0.08 0.51 0.51 −0.11 0.00±0.01
RLQs, lobe dom 7 0.64 0.64 0.41 0.06±0.28 0.35 0.36 −0.21 −0.07±0.05
RQQs, all values 115 1.00 1.00 0.30 0.41±0.15 1.00 1.00 −0.34 −0.03±0.01
RQQs, longest sep 94 1.00 1.00 0.40 0.71±0.19 1.00 1.00 −0.29 −0.02±0.01
RQQs, EW > 3.5A˚ 88 1.00 1.00 0.42 0.76±0.21 0.94 0.94 −0.20 −0.02±0.01
RQQs, matched 42 0.98 0.99 0.38 0.74±0.24 0.83 0.81 −0.20 −0.02±0.02
RQQs+RLQs EW > 3.5A˚ 130 1.00 1.00 0.43 0.65±0.13 0.83 0.82 −0.12 −0.02±0.01
Versus optical continuum variability
RLQs, longest sep 44 0.25 0.14 0.03 0.11±0.21 0.69 0.63 0.14 0.17±0.17
RLQs, core dom 39 0.17 0.08 0.15 0.15±0.26 0.81 0.74 0.19 0.35±0.14
RLQs, lobe dom 7 0.14 0.10 −0.06 −0.03±0.35 0.41 0.42 −0.26 −0.62±0.68
RQQs, longest sep 90 0.11 0.09 0.01 0.00±0.53 0.71 0.71 0.11 0.10±0.29
RQQs, matched 45 0.53 0.50 0.10 −0.10±0.62 0.48 0.49 0.10 0.26±0.41
RQQs+RLQs 134 0.59 0.54 0.06 −0.01±0.32 0.92 0.91 0.15 0.12±0.20
Versus ℓr (RLQs only)
RLQs, longest sep 46 0.21 0.21 −0.04 0.00±0.24 0.14 0.14 0.03 0.14±0.24
RLQs, EW > 3.5A˚ 42 0.13 0.14 −0.03 0.04±0.25 0.07 0.07 −0.01 0.06±0.21
RLQs, 3.5 < EW < 20A˚ 28 0.40 0.28 0.07 0.27±0.29 0.46 0.43 0.11 0.27±0.29
RLQs, EW ≥ 20A˚ 14 0.91 0.86 −0.42 −0.55±0.39 0.68 0.64 −0.27 −0.32±0.20
RLQs, ∆τ < 500 d 21 0.10 0.08 −0.02 −0.15±0.31 0.67 0.66 −0.22 −0.22±0.20
RLQs, ∆τ ≥ 500 d 21 0.36 0.35 −0.11 0.09±0.40 0.02 0.02 0.01 0.09±0.45
Versus R∗ (RLQs only)
RLQs, longest sep 46 0.32 0.25 −0.05 0.17±0.27 0.45 0.49 0.10 0.35±0.27
RLQs, EW > 3.5A˚ 42 0.33 0.29 −0.06 0.21±0.30 0.03 0.09 0.02 0.22±0.25
RLQs, 3.5 < EW < 20A˚ 28 0.77 0.74 0.22 0.66±0.33 0.80 0.81 0.25 0.68±0.35
RLQs, EW ≥ 20A˚ 14 0.99 0.99 −0.70 −0.54±0.41 0.92 0.92 −0.48 −0.29±0.21
RLQs, ∆τ < 500 d 21 0.55 0.44 −0.13 −0.28±0.43 0.59 0.52 −0.16 −0.21±0.26
RLQs, ∆τ ≥ 500 d 21 0.46 0.43 −0.13 0.31±0.46 0.10 0.10 −0.03 −0.00±0.47
Note: The probabilities pτ and pρ are for the Kendall’s and Spearman tests, and ρ is the Spearman correlation co-
efficient. The slope β is calculated using the IDL routine robust linefit and for the linear regression ∆τ is expressed as a
logarithm, |∆EW |/〈EW 〉 is multiplied by 10 for all fits, and |∆EW | is multiplied by 10 only versus 〈EW 〉.
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Figure 1. Appendix A: Assessment of BAL variability for 115944.82+011206.9, as in Figure 4. (Selected example, full Appendix A has
all BAL RLQs spectra used in this work.)
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Figure 2. Appendix A: Assessment of BAL variability for 162453.47+375806.6, as in Figure 4. (Selected example, full Appendix A has
all BAL RLQs spectra used in this work.)
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Figure 1. Appendix B: Optical continuum variability for first set of BAL RQQs, as in Figure 13.
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Figure 2. Appendix B: Optical continuum variability for second set of BAL RQQs, as in Figure 13.
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